Non-standard on-shell decays of W ± and Z-bosons are possible within the framework of extended supersymmetric models. These possibilities are typically encountered in the regions of the parameter space with light singlet-like scalar(s), pseudoscalar(s) and neutralino(s). In this letter we emphasise how these states can lead to novel signals from Z or W ± boson decays at the LHC with prompt or displaced multi-leptons/jets/photons at the final states. These new modes would give distinct evidence of new physics even when direct searches remain unsuccessful. We address possibilities to probe these non-standard signatures with ongoing collider experiment or upcoming ones. We exemplify our observations with the "µ from ν" supersymmetric standard model (µνSSM), where three generations of right-handed neutrino superfields are used to efface a number of shortcomings of the minimal version of supersymmetric models. We also extend our discussions for other variants of supersymmetric models which can accommodate similar signatures.
Non-standard on-shell decays of W ± and Z-bosons are possible within the framework of extended supersymmetric models. These possibilities are typically encountered in the regions of the parameter space with light singlet-like scalar(s), pseudoscalar(s) and neutralino(s). In this letter we emphasise how these states can lead to novel signals from Z or W ± boson decays at the LHC with prompt or displaced multi-leptons/jets/photons at the final states. These new modes would give distinct evidence of new physics even when direct searches remain unsuccessful. We address possibilities to probe these non-standard signatures with ongoing collider experiment or upcoming ones. We exemplify our observations with the "µ from ν" supersymmetric standard model (µνSSM), where three generations of right-handed neutrino superfields are used to efface a number of shortcomings of the minimal version of supersymmetric models. We also extend our discussions for other variants of supersymmetric models which can accommodate similar signatures. Apart from discovering the long-awaited Higgs boson, as of now no excess above the standard model (SM) predictions has been observed at the LHC. An excess, however, is much anticipated since necessity of physics beyond the SM is well-motivated. It is thus timely to explore indirect evidence of new physics through precision measurements of the SM observables which can lead to unusual signatures at the LHC. Confining within the framework of supersymmetry (SUSY), in this letter we present an analysis of this kind with extended models. In brief, we probe a regime of the parameter space which lead to new two-body non-SM-like decays for W ± and Z-boson. Concerning Z, we search for final states with four prompt leptons/jets/photons + missing transverse energy (E T / ) when a Z decays into an on-shell scalar and a pseudoscalar. Similar final states but with displaced origin appear when a Z decays through a pair of on-shell neutralinos. For W ± , in a similar way through W ± → charged lepton + neutralino, we look for final states with two displaced leptons/jets/photons + E T / accompanied with a prompt lepton.
Earlier analyses of unusual W ± decays [1] in the minimal supersymmetric standard model (MSSM) are already excluded by the chargino mass bound [2] . Non-standard Z-decays in extended Higgs doublet models and in the MSSM have also been studied previously, both theoretically [3] and experimentally [4] . These decays lead to either multi-particles or E T / signatures at the colliders. Most of these scenarios, e.g., a light (< MZ 2 ) doublet-like pseudoscalar as discussed in 3 rd , 6 th of Ref. [3] , hardly survive with current experimental constraints. However, a study of all new W ± , Z decays through singlet-like light states in the light of Higgs discovery [5] is missing to date. In this current letter we aim to carry out these novel analyses using as a case study the µνSSM [6, 7] , the simple-most possible extension beyond the MSSM to house these signals, but we also extend our discussions for other variants of SUSY models.
In the µνSSM, three families of right-handed (RH) neutrino superfields (ν c i ) are instrumental in offering a solution to the µ problem [8] of the MSSM, and concurrently in housing the observed pattern of neutrino masses and mixing [7, [9] [10] [11] [12] . The superpotential is given by 
Last three terms in Eq. (1) break R p (R p / ) explicitly. With the spontaneous breaking of the electroweak (EW) symmetry, the neutral scalars develop vacuum expectation values (VEVs) denoted by: [6, 7] , RH sneutrino ( ν c ) and RH-neutrino (ν R )-like states at the bottom of the mass spectrum are well accounted [7, 10, [13] [14] [15] [16] , and can co-exist with a class of experimental constraints due to their singlet nature. In the mass eigenbasis, ν c -like scalars, pseudoscalars are denoted as S in S 0 4 decay has already been addressed in the µνSSM before [13, 14] and after [15, 16] Higgs discovery [5] . 
The stringent constraints for Z → S [15, 16] are thus the most economic options.
It is worthy to discuss here the composition of χ is highly constrained from measured Z decay width [2] . Note that at the tree-level Z also couples to a pair of ν L s, which being ∝ Y ν is negligible compared to H u,d -singlino mixing. Thus, depending on the relative orders of 2κ ijk ν decay. In this scenario, although particle multiplicity is large for the final states, however, most of them being very soft (i.e., with low p T ), remain undetected.
Regarding backgrounds, leading look-alike for Z → S 0 i P 0 j final states from the SM arises through DrellYan, W ± W ∓ , W ± Z, ZZ/γ, bb, di-leptonically decaying tt, W ± /Z + jets and Z → 4ℓ, 4q (∋ / t), 2ℓ2q. It is, however, possible to isolate the signal, e.g., by constructing invariant masses, m inv , for the 4ℓ(4q) or 2ℓ2q, and 2ℓ(2q) systems. Distributions of m inv for 2ℓ(2q) systems are crucial to disentangle the studied signals from Z → 4ℓ, 4q (∋ / t), 2ℓ2q backgrounds [19] , where m inv distribution for 4ℓ(4q) or 2ℓ2q system also peaks around M Z . Recent analyses [20] (last one appeared in arXiv after this letter ) of these kinds consider ℓ = e, µ only while in our analysis τ h is also present. Moving to χ 0 i+3 , displaced final states are hardly mimicked by the SM processes.
Prompt ℓ, q, γ from Z decays are also possible in R p conserving extended SUSY models e.g. next-to-MSSM (NMSSM) (see review [21] [15, 16] . In the NMSSM with one singlet superfield one gets a single peak. The model of Ref. [22] , in the context of the studied signals is similar to the µνSSM, although additional constrains can appear for the former from dark matter searches. In extended SUSY models S . However, as the intermediate states differ it is possible to identify these signals by constructing a set of kinematical variables. Further for bilinear R p / , neutralino with mass < 20 GeV decays normally occur outside detector [10] . For MSSM + trilinear R p / , on the contrary, from λ ijkLiLjê c k for λ ijk ∼ O(10 −3 ), a neutralino of mass < 20 GeV can decay in the range of 1cm -3m [25] . In the NMSSM, displaced Z decays are also possible when a Z decays into a pair of on-shell next-to lightest supersymmetric particles (NLSPs). This NLSP when further decays to a LSP + light singlet-like scalar/pseudoscalar, can yield displaced ℓl/qq + E T / signatures for fine-tuned λ value [26] . It has, however, been noted (2 nd of [26] ) that the said process can never yield mesoscopic (1cm− 3m) displaced objects. Look-alike displaced states appear for the model of Ref. [22] even with R p conserving vacuum when a Z decays to two singlinolike NLSPs, followed by NLSP → ν c -like LSP + ν R . This ν R decaying to ν L + scalar/pseudoscalar gives an identical signal. However, in this case E T / could be larger and the scenario is constrained from dark matter searches. These observations testify the µνSSM as the minimal extension beyond the MSSM to accommodate these distinctive collider signatures together with correct neutrino physics.
Turning back to the µνSSM, we start with a simple analytical approach to estimate B for these W ± , Z decays. We stick to flavour basis for easier interpretation. In Fig. 1 we do not show Z decay processes which are suppressed through mixing ∝ Y ν or ν i . Note that the said observation predicts very suppressed (≪ 10 −5 [2] ) treelevel flavour violating decays, Z → χ 
where
is the phase-space factor for process A → BC with m A,B,C as different masses. m denotes generic intermediate mass scale for
In deriving these formulae, for the sake of simplicity, we assume universal λ i , A λi , ν c i , and (κ, A κ ) ijk = (κ, A κ ) i δ ij δ jk with κ i ≈ κ j [14, 15] . Further we take (
In order to constrain the parameter space with maximum contribution to Γ 
Needless to mention that m ′ > ∼ 10 GeV produces prompt or dis-placed bbbb final state. It is also worthy to note that even with a very naive estimation B(Z → S
) in the µνSSM for bbbb final state is well below the current bound, i.e., 3.6
. On the other hand, mild tuning of parameters are perhaps necessary for ℓlℓl final states, for which the current limit is 4.2 +0.9 −0.8 × 10 −6 [2] . Note that leptonic final states are ensured with m ′ < 2m b where P ′ ≈ 1.
Let us finally remark that assuming ν c ∼ 1 TeV for λ ∼ 0.1 to evade chargino mass bound, in this region of the parameter space with 10 GeV < ∼ 2κ i ν c < ∼ 45 GeV, one gets 0.005 < ∼ κ i < ∼ 0.0225. In a similar way, using approximate formulae for m P 0 i , we get 6.7 GeV < ∼ |A κi | < ∼ 30 GeV. Note that relative sign difference between κ, A κ predicts 8 GeV < ∼ m S 0 i < ∼ 37 GeV, which does not introduce large error in m S 0 i ≈ m P 0 i assumption. In these discussions we have used approximate mass terms for S ≈ 2κ i ν c , respectively in the region of small λ ( < ∼ 0.1) [15, 16] . Regarding W ± , leading decay widths are given by Γ
. Here we have used the fact m [28] and TLEP [29] , respectively. Around 2 × 10 9 and 7 × 10 11 Z events are expected each year with GigaZ and TeraZ, respectively, which in turn assure copious non-standard Z decays even with very small B.
Situation with unusual W ± decay seems, however, less promising with suppressed B ∼ 10 −14 . This conclusion holds true even for MegaW and OkuW modes at the future linear collider [28] and TLEP [29] with expected number of W ± bosons about 10 6 and 10 8 , respectively. Nevertheless, positive responses with these displaced states are well envisaged in near future, especially with the fact that branching ratios for some Bphysics observables have already been probed up to 10 
Here V, X = (W ± , χ [7, 12] . These formulae will be used in a forthcoming publication [32] .
In conclusion, non-standard decays of W ± , Z bosons can produce evidence of new physics beyond the SM. These unique signals are possible to probe at the ongoing collider experiment and upcoming ones, although modified search criteria are perhaps needed to detect soft and often displaced leptons/jets. Evidence of these signals will also offer experimental test for the µνSSM, the simple-most extension beyond the MSSM to accommodate these unique signatures, although other variants of SUSY models can be investigated in a similar way.
